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Determination of Diffusion Length from Within a Confined Region with the Use of EBIC Vincent K. S. Ong, Member, IEEE, and Dethau Wu
Abstract-A new method of extracting minority carrier diffusion length from within a confined region of material is presented in this paper. This technique uses the finite difference method and can be used on samples where the diffusion lengths are longer than the width of the region. This cannot be achieved using the conventional method, which evaluates the negative reciprocal of the slope of the EBIC signals line scan plotted on a semi-logarithmic scale. A limitation of this method is that the beam entrance surface of the sample is assumed to have negligible surface recombination.
Index Terms-Electron beam applications, electron microscopy, finite difference methods, microscopy, semiconductor materials measurements, simulation.
NOTATION
Sample width (refer to Fig. 1 
T
HE electron beam induced current (EBIC) mode of scanning electron microscope (SEM) has been extensively used as an analytic tool in the characterization of semiconductor material. This technique has gained much popularity because it requires minimal specimen preparation. Another advantage of the EBIC technique that has attracted the interest of researchers in the physical sciences is that the beam position and penetration depth can be easily and accurately controlled. The minority carrier diffusion length, surface recombination velocity and minority carrier lifetime are a few examples of the material parameters that can be extracted using the EBIC technique. The theory of this technique in semiconductor material characterization is well developed and has been reported in various literatures [1] - [7] .
One of the common experimental configuration in demonstrating the EBIC theory is illustrated in Fig. 1 . The sample consists of a p-n junction, which is perpendicular to the electron beam incident surface. The current signal induced within the sample due to electron beam bombardment is collected by the EBIC amplifier. If the surface recombination velocity is negligible, the collected current is a function of beam-junction distance and it is given as follows: (1) where collected current; beam-junction distance; diffusion length; proportionality constant. To obtain the diffusion length, a series of measurements for various are plotted on a semi-logarithmic graph. The diffusion length is then evaluated from the negative reciprocal of the slope of the graph. The above relationship is developed based on two assumptions. First, the carrier generation source is assumed to be a point source and secondly, the sample width is infinitely large with respect to the diffusion length. The sample width is defined as the distance between the junction and the device boundary. In practical experiment, the first assumption can be met when a low energy beam is used. The second assumption is approximately met when the distance between the beam and the device boundary is more than two diffusion lengths [8] . When EBIC measurements are made from regions where the beam and the device boundary is less than two diffusion lengths, the extracted diffusion length tends to be inaccurate. However, since the value of the diffusion length is initially unknown, it is not easy to determine the range of measurements, which should be excluded from the determination of diffusion length.
In cases where the sample width is shorter than its diffusion length, such as in high-power diodes, the above method cannot be used. The reason for this is that there is no range of in which the decays exponentially with . Zimmerman [9] suggested a method to overcome this problem. He pointed out that when the beam position is kept constant and after the beam is turned off, the collected current decreases as (2) where is the steady state current and is the minority carrier lifetime. By plotting on a semi-logarithmic graph, the minority carrier lifetime can be obtained from the negative reciprocal of the slope. Using this parameter, the diffusion length can be calculated using the following expression. (3) where is the diffusion coefficient. The relationship in (2) is true even when the beam-junction or device boundary distance is less than two diffusion lengths. This method is useful in detecting variations in diffusion length on the sample. However, it yields accurate estimation of the diffusion length only when the exact value of is known. It is also a transient technique, which is inherently more difficult to carry out than steady-state techniques.
A method of extracting diffusion length within a confined region is proposed in this paper. It is based on the evaluation of the second order derivative of the EBIC signals using the finite difference method [10] . It will be shown that, using this method, EBIC signal measurements taken at regions less than two diffusion lengths away from the device boundary can be used in extracting the diffusion lengths. Hence, this method will be useful in extracting diffusion length of the materials in a confined region of an IC where the EBIC measurement has to be taken in a region close to the boundary. In addition, it will also be useful in extracting the diffusion length of power diodes where the diffusion length is longer than the width.
II. THEORY
For a sample with negligible surface recombination velocity and infinite width, the EBIC current is given in (1). The second order derivative of Eq. (1) with respect to is (4) Substituting (1) into (4), we obtain (5) This shows that the value of can be determined if the value of at a particular is known. This is true for all ranges of . It will be shown later that this relationship is also true in cases of samples with finite widths.
The value of can be calculated using finite difference method (FDM). Consider a series of EBIC signals, , we define (6) where and
If and , then (6) is simplifies to (8) , shown at the bottom of the page.
It can be seen in (8) that the value of a particular is estimated based on the values of three adjacent data points. The adjacent data points should be as close as possible, i.e.,
, to obtain an accurate result.
A. Samples with Finite Widths
In the case of samples with finite widths, if the surface recombination velocity is negligible, then the expression for the normalized EBIC signals is given in [11] as (9) (8) where is the sample width. Using the conventional method, a series of measurements are plotted on the semi-logarithmic graph and the extracted diffusion length is obtained from the negative reciprocal of the slope of the graph, i.e., (10) It can be seen in (10) that when , which implies that . However, in order to extract with error of not more than 4%
Solving the inequality we get (12) This indicates that the extracted diffusion length using the conventional method depends on the range of used. By maintaining the beam position to be more than two diffusion lengths from the sample boundary, theoretically, the maximum error in the extracted diffusion length is 4%. This also explains the necessity of keeping the beam position at a distance away from the sample boundary in order to extract accurately. It can be shown that, if the diffusion length of a sample is extracted using the FDM, all ranges of can be used. The second order derivative of (9) with respect to is (13) Substituting (9) into (13), we obtain (5), which we derived for samples with infinite widths. This shows that this method can also be used on samples with finite widths. The main advantage of this method is that all ranges of can be used, since (13) and (5) are both true for . This also implies that the FDM method can be used on samples, which have diffusion lengths longer than their widths.
The FDM method, however, requires that the three EBIC signal measurements to be taken in very small increments of , i.e., . The error in the extracted diffusion length which comes from can be calculated as follows:
where is the diffusion length extracted using the finite difference method. The can be expressed in term of by substituting (9) into (8) and then into (5) . (15) Using the hyperbolic function identity [12] (16) This shows that is accurate when the ratio is small. This also implies that, for a fixed spatial resolution, samples with longer diffusion lengths will allow for more accurate extraction of this parameter than samples with shorter diffusion length.
We can derive the expression for the in terms of by substituting (17) into (14) . (20) From . (20), it can be observed that the error in the extracted diffusion length is a function of the ratio rather than that of alone. This also justifies the above discussion that the extracted diffusion length is accurate when . The plot of against the ratio is shown in Fig. 2 . It can be seen in Fig. 2 that increases rapidly with the ratio. To maintain to within 1%, the ratio has to be kept at smaller than 0.5.
Rearranging (18) in terms of , we obtain (21) This is a very useful equation, which enables us to determine the true diffusion length from and the extracted diffusion length. The errors in , which arises from large ratios, can be eliminated using this equation. This also eliminates the experimental difficulty of the FDM method where the EBIC measurements have to be taken in small increments of .
III. VERIFICATION
A computer simulation package, MEDICI was used to generate EBIC signals of various sample configurations. MEDICI [13] is a commercially available 2-D device simulation software which solves semiconductor equations using the finite difference method. The fundamental semiconductor equations, which describe the bulk behavior of the semiconductor device, are the Poisson's equation and the continuity equations for electrons and holes. The Poisson's equation, which is derived from Maxwell's electrostatic equation, describes the electrostatic behavior of the semiconductor device and is given as follows: (22) where dielectric permittivity; electrostatic potential; is the electronic charge ( C); and hole and electron concentrations, respectively; and ionized donor and acceptor impurity concentrations, respectively. The continuity equations which govern the carriers concentration are given below. For the electrons (23) where is the electron current density and the is the net electron recombination rate. For the holes,
where is the hole current density and is the net hole recombination rate.
Three silicon samples were created in this simulation, namely, sample A, sample B and sample C and the true diffusion lengths of these samples are 1 m, 5 m and 10 m, respectively. The widths of these samples are identical, at 5 m each. This means that the diffusion lengths of the latter two samples cannot be extracted using the conventional method. The doping concentrations of these samples are of the order of to cm , and the depletion widths are negligible compared to their respective diffusion lengths. The surface recombination velocities of these samples are set to zero. In practice, sample preparation techniques, e.g., with the use of etching, can be employed to produce samples with negligibly small surface recombination velocities [1] .
In this simulation, the primary electron energy is 15 keV and the beam current is 1.5 nA. The electron penetration depth is calculated using the following expression [14] : (25) where is the density of silicon in gm/cm and the is given in cm. The distribution of the generated carrier is approximated by the use of the following expression [15] .
(26) where (27) and is the energy required to generated an electron-hole pair in silicon. is the correction factor and it has a value of 0.08 for silicon [2] .
in (26) is the 2-D radial distribution of the generated carrier and is given [16] as follows: (28) where and is the beam diameter. in (26) is the depth distribution function and is given by the Everhart and Hoff [14] as (29) Using the above expressions, the generation source has a teardrop shape as illustrated in Fig. 3 . The position of the generation source was stepped at 0.1 m along the direction, from the junction to the device boundary. The EBIC signal was obtained for each beam position. The same procedures were used on all three samples and the EBIC signals were plotted as shown in Fig. 4 .
IV. RESULTS AND DISCUSSION
It can be seen in Fig. 4 that the EBIC signal line scans lose their exponential behavior when their diffusion lengths are equal to or longer than the sample width. This means that the conventional EBIC extraction method cannot be used on samples B and C. If these EBIC line-scan signals are plotted on a semi-logarithmic graph as shown in Fig. 5 , apparent linear sections can still be seen on the plots of samples B and C. However, using the conventional EBIC method of extraction to extract the diffusion lengths from these linear sections leads to serious errors in the results. The extracted diffusion lengths of samples A, B and C using the conventional EBIC method of extraction are tabulated in the third column of Table I. In the proposed method, the diffusion lengths of the samples are evaluated using (5) and (8) . Equation (21) is subsequently used to eliminate the error in the extracted diffusion length caused by the fact that the condition cannot be upheld experimentally. Fig. 6 shows the plots of obtained using the FDM method for samples A, B and C.
is the diffusion length evaluated from the measurement collected at . It can be observed from the graphs that the using FDM method is approximately constant when the generation source is at more than away from the junction as well as the ohmic contact. In our case ( is 15 keV), (25) gives as 2.24 m. The value of can be reduced by lowering . In the following discussion, the obtained using FDM method refers to the constant region of the curve.
The obtained using the conventional method are also plotted on Fig. 6 . They are single values and hence, are represented by the horizontal lines on the graphs. For sample A, as shown in Fig. 6(a) , both the FDM method and the conventional method yield accurate results. The for samples B and C obtained using the conventional method are underestimated and the error in the increases with ratio. The for samples B and C using the FDM method is close to the true . The for samples A, B and C obtained using FDM method are also tabulated in column 5 of Table I and compared with those obtained using the conventional method. It can be seen that the diffusion lengths for samples B and C extracted using the conventional method are unacceptably inaccurate. The for samples B and C using the conventional method are 39.8% and 76.48% respectively. In contrast, the FDM method yields much more reliable results. The for samples B and C using FDM method are 0% and 0.27%, respectively. Fig. 7 shows that the normalized from the FDM method for samples A, B and C are all approximately close to unity.
V. CONCLUSION
A new method of extracting minority carrier diffusion length is presented in this paper. The diffusion length can be estimated by evaluating the square root of the ratio of the EBIC signal to its second order derivative with respect to position. The second order derivative of the EBIC signal is evaluated using the finite difference method. It is shown that this method can be applied to EBIC signals collected from regions less than two diffusion lengths away from the sample boundaries. This means that diffusion lengths which are longer than the sample widths can also be extracted using this method with reasonable accuracy.
